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Abstract 

Background  Chronic insomnia increases the risk of various health problems and mental illness. Existing research 
suggests promise for both transcranial direct current stimulation (tDCS) and repetitive transcranial magnetic stimu-
lation (rTMS) in treating chronic insomnia individually. However, the combined effects of tDCS and rTMS on this condi-
tion remain unclear. This study aimed to verify the efficacy and safety of tDCS combined with rTMS for the treatment 
of adult patients with chronic insomnia.

Methods  This was a randomised double-blind parallel-group controlled study. Overall, 157 participants with chronic 
insomnia were randomly assigned to one of three neurotherapy regimens: tDCS + rTMS, sham tDCS + rTMS, 
or tDCS + sham rTMS. All groups received 20 treatment sessions over 4 consecutive weeks. The primary outcome 
was the change in patients’ sleep as assessed by the Pittsburgh Sleep Quality Index (PSQI) at 2 weeks, 4 weeks, 
and 3 months of follow-up. The secondary outcome was the assessment of different dimensions of depression 
and anxiety in patients through the Hamilton Depression Scale (HAMD) and Hamilton Anxiety Scale (HAMA), as well 
as the occurrence of adverse events.

Results  Throughout the intervention and after the 3-month follow-up, the tDCS + rTMS group had significantly 
reduced total PSQI scores compared with the other two groups [tDCS + rTMS, 9.21 vs. sham tDCS + rTMS, 10.03; dif-
ference − 1.10; 95% confidence interval (CI), − 1.82 to − 0.38; p = 0.003; tDCS + rTMS, 9.21 vs. tDCS + sham rTMS, 10.76; 
difference − 2.14; 95% CI, − 2.90 to − 1.38; p < 0.001; sham tDCS + rTMS, 10.03 vs. tDCS + sham rTMS, 10.76; differ-
ence − 1.04; 95% CI, − 1.82 to − 0.26; p = 0.010), indicating improved overall sleep quality. Total HAMD and insomnia 
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factor scores were significantly lower in the tDCS + rTMS group than in the other two groups after treatment (p < 0.05). 
Notably, no adverse events or serious adverse reactions were observed during the study period.

Conclusions  Combining tDCS with rTMS effectively relieved insomnia symptoms, achieving a significant therapeutic 
effect after 2-week of intervention, and demonstrating the persistence of treatment effects in later follow-up, empha-
sising the advantages of combination therapy in improving treatment stability and long-term benefits, reflecting 
the rapid and effective augmentation of combination therapy. This combined therapy may serve as a safe and effec-
tive treatment for adults with chronic insomnia.

Trial registration  This study was registered as a clinical trial with the China Clinical Trial Registration Center 
(ChiCTR2100052681).

Keywords  Chronic insomnia, Transcranial direct current stimulation, Repetitive transcranial magnetic stimulation, 
Combined therapy, Clinical trial

Background
Chronic insomnia is one of the most common sleep dis-
orders. It is characterised by several key symptoms: dif-
ficulty falling asleep, maintaining sleep, early awakening 
with an inability to return to sleep, dissatisfaction with 
sleep quality, and daytime functioning impairment. The 
course of the disease lasts 3 months or more [1]. Accord-
ing to epidemiological surveys, the prevalence rate of 
insomnia disorders is approximately 10–20%. Among the 
affected individuals, approximately 50% have a history of 
chronic disease, showing a trend of chronicity [2, 3]. This 
significantly affects an individual’s physical and mental 
health, reduces the work efficiency and level of alertness, 
and may even lead to accidents, aggravating the eco-
nomic burden on both the individual and society [4–6]. 
Pharmacological and non-pharmacological treatments 
are the main methods of treating insomnia. Among 
these, the most used drugs are sedative-hypnotic drugs, 
which aim to improve the sleep state. However, they 
often come with varying degrees of adverse reactions and 
can easily lead to withdrawal syndrome upon cessation of 
intake [7, 8]. Consequently, there is a pressing need for 
safe and effective non-pharmacological treatment pro-
grammes for insomnia. One such non-pharmacological 
treatment receiving increasing attention is neurother-
apy. Specifically, techniques such as transcranial direct 
current stimulation (tDCS) and repetitive transcranial 
magnetic stimulation (rTMS) are widely used in clinical 
practice, both domestically and internationally, because 
of their non-invasive, penetrating, and easy-to-operate 
characteristics.

As a non-invasive brain stimulation method, rTMS 
uses time-varying magnetic signals to pass through the 
skull without attenuation. These signals generate induced 
currents in specific brain regions, inducing a depolarisa-
tion process and activating neurogenesis. This, in turn, 
can lead to a series of electrophysiological and functional 
changes [9]. Research has shown that rTMS can induce 
long-lasting changes in cerebral cortical excitability and 

modulate functional synaptic plasticity in the cortex 
through mechanisms such as long-term potentiation 
(LTP) or long-term depression (LTD) [10, 11]. The ther-
apeutic effect is determined by multiple factors, such as 
stimulus intensity, stimulus frequency, number of trans-
mitted pulses, position and type of coil, and the dura-
tion of the stimulation. Concerning the impact of rTMS 
on insomnia, a systematic evaluation showed that rTMS 
treatment could significantly increase slow-wave sleep 
and rapid eye movement sleep phases, thereby improv-
ing sleep quality [12]. Other studies have shown that 
rTMS treatment can significantly reduce the Pittsburgh 
Sleep Quality Index (PSQI) scores and shorten the time 
to insomnia symptom relief, suggesting that rTMS may 
have a positive impact on the treatment of patients with 
chronic insomnia [13, 14].

tDCS regulates cortical activity by applying a constant 
low-intensity current to the scalp through cathodal and 
anodal electrodes. Normally, anodal stimulation triggers 
neurone depolarisation, increasing cortical excitabil-
ity, while cathodal stimulation triggers neurone hyper-
polarisation, decreasing cortical excitability [15, 16]. 
Research has shown that weak constant currents can 
traverse the cranium, affecting the magnitude and direc-
tion of the intracranial electric field, thus causing excita-
tory changes in the cortex [17]. This regulation of brain 
discharge activity can lead to various effects, including 
ion activity, neurotransmitter release, and brain oscilla-
tory activity. Compared with rTMS, the current gener-
ated by tDCS is not sufficient to directly induce neuronal 
action potentials; rather, it modulates neuronal resting 
membrane potentials through microcurrents, exert-
ing subthreshold modulation that alters neuronal activ-
ity [18, 19]. Multiple studies have shown that tDCS 
treatment of insomnia leads to improvements in PSQI 
scores, indicating subjective measures of insomnia. In a 
12-week study, significant improvements in sleep quality 
among patients were observed [20]. Additionally, another 
study explored the combined application of tDCS and 



Page 3 of 16Zhou et al. BMC Medicine          (2024) 22:538 	

electroencephalography, showing that applying slow-
wave oscillatory stimulation in patients with insomnia 
can synchronise their brain waves with the sleep’s slow-
wave frequency, potentially achieving sleep stabilisation 
[21].

Both tDCS and rTMS have shown positive effects in 
treating insomnia, with high safety and sustained efficacy 
reported. While both have their advantages, the com-
bination of neurotherapy and medication is also a clini-
cal option. The effect of combining tDCS and rTMS for 
chronic insomnia remains unclear. Specifically, whether 
this combination is superior to a single-modality neuro-
therapy or medication use requires further investigation. 
Therefore, we performed a double-blind, randomised, 
parallel-group, controlled trial using a treatment regimen 
combined with tDCS. This study aimed to examine the 
efficacy and enhancement of combining tDCS with rTMS 
in adult patients with chronic insomnia. We assessed 
response rate, remission rate, and different dimen-
sions of insomnia, as measured by the PSQI, along with 
the HAMD and HAMA to evaluate patients’ depres-
sion, anxiety, and potential adverse events at the end 
of the 4  weeks of the intervention period. Our findings 
are anticipated to significantly advance the field of sleep 
medicine by offering a more effective and safe treatment 
option for chronic insomnia through the combination of 
tDCS and rTMS, potentially establishing a new treatment 
protocol and guiding clinicians in selecting the most effi-
cacious strategies compared to traditional single-modal-
ity therapies.

Methods
Trial design
To investigate the efficacy of combining tDCS and rTMS 
for treating chronic insomnia, a 4-week randomised, dou-
ble-blind, parallel-controlled trial was conducted with 
three groups: tDCS + rTMS, sham tDCS + rTMS, and 
tDCS + sham rTMS. Primary outcome indicators were 
evaluated at baseline, the end of the 2-week intervention, 
the end of the 4-week intervention, and 3  months after 
intervention. This study recruited and enrolled partici-
pants in Sleep Clinic Centre. All neuromodulation treat-
ments and outcome measurements at different times 
were conducted at the Physical Therapy Centre to avoid 
measurement bias that may be introduced by different 
locations. Each measurement was performed according 
to a standardised procedure to ensure the reliability and 
validity of the data.

All procedures were approved by the Clinical Research 
Ethics Committee of Ningbo Kangning Hospital (No. 
NBKNYY-2019-LC-20), ensuring compliance with the 
ethical standards and regulations of the Declaration of 
Helsinki on Human Research. This study was registered 

as a clinical trial with the China Clinical Trial Registra-
tion Center (ChiCTR2100052681).

Participants
Between December 2021 and December 2022, 200 indi-
viduals suffering from chronic insomnia were recruited 
from Ningbo Kangning Hospital and randomly assigned 
to three groups. A total of 157 individuals completed the 
treatment and assessment. All participants were fully 
informed of the study procedure and voluntarily signed 
a written informed consent form. Prospective partici-
pants were pre-screened through a brief interview. Indi-
viduals who met the inclusion criteria were then further 
screened onsite by trained and licenced psychiatrists 
using the Mini-International Neuropsychiatric Interview 
(M.I.N.I.) [22] to verify the presence of co-morbid psy-
chiatric disorders, which were included as an exclusion 
criterion in the study.

Inclusion criteria were (1) age 18–65 years, (2) diagno-
sis of chronic primary insomnia according to the Inter-
national Classification of Diseases-11 (ICD-11) [23], (3) 
baseline PSQI total score > 5 [24], (4) administration of 
zopiclone, which is used for the treatment of insomnia, 
before the baseline visit as well as throughout the treat-
ment programme, and (5) agreement to abstain from 
medications or other non-pharmacological treatments 
throughout the trial period.

Exclusion criteria were (1) serious physical illness, 
(2) history of epilepsy, (3) co-morbid psychiatric disor-
ders according to the M.I.N.I., (4) neurologic disorders, 
(5) history of electroconvulsive therapy, (6) cochlear 
implants, cardiac pacemakers, implanted devices (i.e., 
deep brain stimulation), or metals in the brain, (7) preg-
nancy or breastfeeding, (8) history of drug or alcohol 
abuse/dependence, (9) presence of other sleep disorders, 
including sleep apnoea, periodic limb movements, narco-
lepsy, and (10) participation in concurrent clinical trials.

The criteria for study termination were as follows: (1) 
occurrence of a serious adverse event; (2) pregnancy; (3) 
two consecutive missed treatments; and (4) withdrawal 
of consent.

Intervention
The study participants were randomly assigned to one 
of three neurotherapy regimens, with a 30-min inter-
val between tDCS and rTMS in all groups. The subjects 
received 20 treatments on weekdays for 4 consecutive 
weeks.

The tDCS + rTMS (combined) group was first treated 
with tDCS using a tDCS instrument. The stimulator 
model was tDCS-20A (Keyue Co., Ltd., Xi’an, China), 
which provided 2  mA of stable direct current power 
through a battery. Two sponges (5 × 5 cm2) were placed 
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on the rubber electrodes for stimulation. The stimulation 
time was 20 min. The anode and cathode electrodes were 
placed on the left (F3 in the International 10–20 EEG 
Electrode Distribution System) and right dorsolateral 
prefrontal cortex (DLPFC) (F4 in the International 10–20 
EEG Electrode Distribution System) [25, 26], respec-
tively. The start and end of the stimulation each had a 
30-s phase of slowly increasing and decreasing current 
intensity to avoid the physical discomfort caused by the 
sudden current change. Then, rTMS treatment was per-
formed with an rTMS instrument (Magstim Ltd, Oxford, 
UK), targeting the right DLPFC with 1 Hz low-frequency 
transcranial magnetic stimulation. The stimulation inten-
sity was 100% motor threshold, the stimulation time was 
6 s, the inter-stimulus interval was 4 s, and the total num-
ber of pulses was 1800.

The sham tDCS + rTMS group underwent initial treat-
ment with pseudo-stimulation using tDCS, and the 
stimulation electrode position, stimulation area, and 
stimulation time were consistent with those of the com-
bined group. The pseudo-stimulation only outputs a cur-
rent of up to 2 mA at the beginning and end of 10 s so 
that the participants could experience a feeling similar to 
that of the real stimulation. The instrument did not out-
put electrical stimulation signals in the middle of 20 min. 
The rTMS treatment was then performed, and the stimu-
lation position and stimulation time were consistent with 
those used for the combined group.

The tDCS + sham rTMS group was first treated with 
tDCS; the positions of the stimulation electrode, stimu-
lation area, and stimulation time were consistent with 
those used for the combined group. Transcranial mag-
netic pseudostimulation treatment was delivered using 
a TMS instrument with a special pseudostimulation coil. 
Stimulation position, stimulation time, and other param-
eters were consistent with those used for the combined 
group. The pseudostimulation special coil can only emit 
sound but not output pulse stimulation.

Outcomes
During screening, all participants were evaluated 
using the Chinese version of the M.I.N.I. [22] to rule 
out psychiatric disorders. Chronic insomnia disorder 
was diagnosed according to ICD-11. At baseline, both 
demographic and clinical data were collected from par-
ticipants. Demographic data included age, sex, marital 
status, education level, and occupation. Clinical data 
included body mass index, duration of insomnia, and 
personal history of alcohol consumption, smoking, and 
hypnotic medication use were collected.

At baseline, the end of the 2-week intervention, the 
end of the 4-week intervention, and 3 months after inter-
vention, the total PSQI score and factor scores were 

assessed. At the 3-month post-intervention, the research 
team obtained follow-up outcomes through a structured 
telephone assessment (with video calls used if necessary) 
based on PSQI. The PSQI is a 19-item questionnaire con-
taining 7 components: sleep quality, sleep latency, sleep 
duration, sleep efficiency, sleep disturbance, sleep medi-
cation, and daytime dysfunction. Each component is 
scored on a 0–3 scale, with the total score ranging from 0 
to 21, with higher values indicating poorer sleep quality. 
The PSQI is commonly used to evaluate the subjective 
sleep quality of participants within the past month and 
it is highly correlated with the Insomnia Severity Index 
[27, 28].

Meanwhile, at baseline and at the end of the 4-week 
intervention, patients’ depression and anxiety were 
assessed by HAMD and HAMA total scores, respec-
tively, as well by each factor score. A 17-item version 
of the HAMD was used, with each item involving dif-
ferent aspects of depression symptoms, including four 
components: core symptoms (items 1–3), insomnia 
(items 4–6), anxiety (items 9–13,15), and somatic factors 
(items 7,8,14,16,17). Each item is scored on a 0–4 scale, 
and individual items are scored on a 0–2 scale. A total 
score ≤ 7 is considered to indicate no depressive symp-
toms. The HAMD assesses the severity of depressive 
symptoms in participants over the past 1–2 weeks, with 
items 4–6 examining sleep quality [29, 30]. The HAMA 
scale includes 14 items, each of which involves different 
aspects of anxiety symptoms, including two components: 
psychic anxiety (items 1–6, 14) and somatic anxiety 
(items 7–13). All items are scored on a 0–4 scale, with 
a total score ≤ 7 indicating no anxiety symptoms. The 
HAMA can assess the severity of anxiety symptoms in 
participants over the past 1–2 weeks [31].

At the end of the 4-week intervention, patients were 
asked, “Did you have any discomfort, epileptic seizures, 
or abnormal feelings during the study?” to assess the 
adverse events.

Sample size
We calculated the sample size required to estimate the 
change in the differences in total PSQI score among three 
groups, using a medium effect size (0.25), which is based 
on Cohen’s classification criteria for effect size [32]. The 
power was set to 90% and the two-tailed α level to 5%, 
choosing an F test, a repeated-measures analysis of vari-
ance (ANOVA), and between-factor model. G*Power 
software was used to calculate the sample size, and the 
minimum sample size was 141.

Randomisation to treatment and blinding
The CONSORT chart for this clinical trial is shown 
in Fig.  1. Patients were randomly assigned to one of 
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three groups by an impartial third party using a com-
puter-generated randomisation list (group A: real 
tDCS + real rTMS, group B: sham tDCS + real rTMS, 
group C: real tDCS + sham rTMS). In the three treat-
ment groups, taking integers from 1 to 3, before the 
first intervention, the nurse assigned a number to each 
participant by opening a sealed opaque envelope to 
determine instrument selection. Four rTMS instru-
ments and four tDCS instruments were used in this 
trial, including two sham-stimulation instruments and 
two true-stimulation instruments, all of which had the 
same size, appearance, weight, and odour. To maintain 
double-blinding, we coded all devices uniformly by the 
experimental designer. Throughout the intervention, 
participants were randomly selected and assigned to the 
same instrument. To assess the integrity of the blind-
ing method in the trail, we asked participants to guess 
their assigned intervention after treatment. Blinding 
could be broken in case of an emergency. Neither the 
assessor nor the patient knew which treatment regimen 
they had been assigned. Treatments were carried out 
by trained staff who were not related to the study. Data 
were analysed by a separate researcher blinded to treat-
ment allocation. After enrolment, patients received 
stable zopiclone medication. The medications of the 
patients in each group are detailed in Table 1, with no 
significant difference between groups.

Statistical analysis
Statistical analysis was performed using SPSS 25.0 (IBM, 
Armonk, NY). Continuous variables were presented as 
mean ± standard deviation, whereas categorical vari-
ables were described using examples or percentages. The 
primary outcome was the change in patients’ sleep as 
assessed by the PSQI at the end of the 2-week treatment, 
the end of the 4-week treatment, and after 3 months. A 
response rate was defined as at least a 50% reduction in 
insomnia symptoms from baseline, as measured by the 
PSQI. The remission rate was defined as a total PSQI 
score < 5. The secondary outcome is the assessment of dif-
ferent dimensions of depression and anxiety in patients 
through the Hamilton Depression Scale (HAMD) and 
Hamilton Anxiety Scale (HAMA), as well as the occur-
rence of adverse events. One-way ANOVA was used to 
evaluate the between-group differences among the three 
groups in continuous variables at baseline, mainly includ-
ing clinical symptoms. Chi-squared analysis was used to 
evaluate the between-group differences among the three 
groups in categorical variables at baseline, including gen-
der, marital status, occupation, education level, smoking, 
and drinking. To analyse treatment effects, we conducted 
a repeated-measures ANOVA. This analysis explored 
the changes in clinical symptom scores across different 
treatment groups and timepoints. Post hoc tests were 
then used to compare differences between groups. The 

Fig. 1  Journal article reporting standards flowchart. tDCS, transcranial direct current stimulation. rTMS, repetitive transcranial magnetic stimulation
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results were corrected using the Bonferroni correction. A 
random-effects mixed-model analysis was used to model 
each outcome variable as a linear function of treatment 
(i.e., tDCS + rTMS treatment group, sham tDCS + rTMS 
treatment group, or sham tDCS + rTMS treatment 
group) and period (i.e., baseline, 2  weeks, 4  weeks, 
4 months), with “participant” included as a random vari-
able. Results were considered significant if the two-tailed 
p-value was < 0.05.

Results
Baseline data
A total of 200 participants were enrolled, of whom 15 
were excluded, 11 refused to participate, and 10 were 
unable to participate for other reasons. Therefore, 164 

patients were enrolled and randomly assigned to one 
of the three neurotherapy regimens. Finally, a total 
of 157 patients completed the trial. At the end of the 
4-week intervention period, the retention rate was 95.7% 
(157/164) (Fig. 1). At baseline, there were no significant 
differences among the three groups all aspects, including 
demographic and clinical information (Table 1).

Primary outcomes
Based on the analysis of the total PSQI score and sex 
grouping, the results showed a significant difference in 
the total PSQI score among the three groups of males at 
2 weeks, 4 weeks, and 3 months after treatment (p < 0.05), 
and the tDCS + rTMS group had the lowest PSQI total 
score (Fig. 2A, B). Further pairwise comparison showed 

Table 1  Demographic and clinical characteristics of the patients

F/χ2 and p for group effects

Significant results are highlighted (p < 0.05) in bold

PSQI Pittsburgh Sleep Quality Index, HAMA Hamilton Anxiety Scale, HAMD Hamilton Depression Scale

Characteristic tDCS + rTMS Group 
(n = 56)

sham tDCS + rTMS Group 
(n = 50)

tDCS + sham rTMS Group 
(n = 51)

F/χ2 p value

Gender 2.546 0.280

  Male 24 14 18

  Female 32 36 33

Age (years) 44.59 ± 13.49 47.08 ± 14.18 42.47 ± 12.55 1.502 0.226

Body mass index 22.56 ± 3.30 21.82 ± 3.14 22.06 ± 2.97 0.768 0.466

Marital status 2.391 0.303

  Not married 11 6 5

  Married 45 44 46

Occupation 4.697 0.789

  Farmer 3 4 5

  Student 5 5 6

  Worker 29 18 23

  Retired 8 13 9

  Unemployed 11 10 8

Education level 4.299 0.367

  Junior high school and lower 21 26 28

  Senior high school 14 11 8

  College and above 21 13 15

Smoking 1.297 0.523

  No 49 47 46

  Yes 7 3 5

Drinking 1.308 0.520

  No 52 48 46

  Yes 4 2 5

Disease duration (months) 75.81 ± 90.62 79.19 ± 100.00 83.47 ± 30.82 0.122 0.885

Zopiclone (mg/day) 6.96 ± 2.42 7.50 ± 2.40 7.21 ± 2.58 0.624 0.537

PSQI total score 16.20 ± 2.74 15.90 ± 2.73 15.78 ± 2.17 0.371 0.691

HAM-D total score 21.09 ± 7.26 20.96 ± 6.16 21.47 ± 7.13 0.076 0.927

HAM-A total score 22.52 ± 9.56 23.48 ± 7.63 23.37 ± 6.82 0.226 0.798
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that there was a significant difference in the total PSQI 
score between the tDCS + rTMS and tDCS + sham rTMS 
groups at 2  weeks, 4  weeks, and 3  months after treat-
ment (p < 0.001). At 2 weeks of treatment and 3 months 
after treatment, there was a significant difference in the 
total PSQI score between the sham tDCS + rTMS and 
tDCS + sham rTMS groups (p < 0.05). There was a sig-
nificant difference in the total PSQI score among the 
three groups of females after 2  weeks of treatment and 
3 months after treatment (p < 0.05), and the tDCS + rTMS 
group had the lowest total PSQI score. At 4  weeks of 
treatment, there was no significant difference in the total 
PSQI score among the three groups. Further pairwise 
comparisons showed that there was a significant differ-
ence in the total PSQI score between the tDCS + rTMS 
and tDCS + sham rTMS groups at 2 weeks of treatment 
and 3 months after treatment (p < 0.05).

Based on the analysis of total PSQI score and age 
groups (Fig.  2C, D), the results showed that there were 
significant differences in total PSQI score among those 
aged 18–50  years at 2  weeks, 4  weeks, and 3  months 
after treatment (p < 0.05), with the tDCS + rTMS group 
having the lowest total PSQI score. Further two-by-two 
comparisons showed that there was a significant differ-
ence in the total PSQI score between the tDCS + rTMS 

and tDCS + sham rTMS groups at 2  weeks, 4  weeks, 
and 3  months after treatment (p < 0.01). At 2 and 
4  weeks of treatment, there was a significant differ-
ence in the total PSQI score between the tDCS + rTMS 
and sham tDCS + rTMS groups (p < 0.05). In those aged 
51–65  years, there was a significant difference in the 
total PSQI score among the three groups at 2 weeks and 
4  weeks of treatment (p < 0.05), and the tDCS + rTMS 
group had the lowest total PSQI score. Further two-by-
two comparisons showed that there was a significant dif-
ference in the total PSQI score between the tDCS + rTMS 
and tDCS + sham rTMS groups at 2 weeks, 4 weeks, and 
3  months after treatment (p < 0.05). At 2 and 4  weeks 
of treatment, there was a significant difference in the 
total PSQI score between the sham tDCS + rTMS and 
tDCS + sham rTMS groups (p < 0.05).

Longitudinal changes in insomnia severity among the 
three groups were revealed through the total PSQI score 
and factor scores at 4 weeks of intervention and 3 months 
of follow-up (Table 2). Repeated-measures ANOVA was 
conducted on the total and sub-item scores PSQI in the 
three treatment groups at different time periods, which 
showed that the total PSQI score, sleep quality, sleep 
duration, sleep efficiency, and sleep medication in the 
three groups differed, with a group × time interaction. A 

Fig. 2  Repeated-measures analysis of variance and post hoc tests comparing PSQI scores at 2 weeks, 4 weeks, and 3 months after treatment 
for different neuromodulation groups stratified by gender (A, B) and age (C, D). * P < 0.05, ** P < 0.01, *** P < 0.001, tDCS + rTMS group vs sham 
tDCS + rTMS group; # P < 0.05, ## P < 0.01, ### P < 0.001, tDCS + rTMS group vs tDCS + sham rTMS group; & P < 0.05, && P < 0.01, &&& P < 0.001, sham 
tDCS + rTMS group vs tDCS + sham rTMS group; ns, no significant difference. PSQI, Pittsburgh Sleep Quality Index
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significant main effect of time was observed for the total 
and sub-item PSQI scores of the three groups. Addition-
ally, the main effects of the group were significant for the 
total PSQI score, sleep quality, sleep duration, and sleep 
efficiency in the three groups. Further two-by-two com-
parisons (Fig. 3) showed that at 2 weeks of treatment, the 
post-treatment scores of total PSQI score, sleep quality, 
sleep duration, and sleep efficiency in the tDCS + rTMS 
group were significantly lower than those in the 
tDCS + sham rTMS group (p < 0.05). The post-treatment 
total PSQI scores in the tDCS + rTMS group were signifi-
cantly lower than those in the sham tDCS + rTMS group 
(p < 0.05), and the post-treatment scores of sleep dura-
tion and sleep efficiency in the sham tDCS + rTMS group 

were significantly lower than those in the tDCS + sham 
rTMS group (p < 0.05). At 4  weeks of treatment, the 
total PSQI score, sleep quality, sleep duration, sleep effi-
ciency, and sleep medication in the tDCS + rTMS group 
were significantly lower than those in the tDCS + sham 
rTMS group (p < 0.05). The total PSQI score in the 
tDCS + rTMS group was significantly lower than that in 
the sham tDCS + rTMS group after treatment (p < 0.05), 
and the post-treatment scores of sleep duration and sleep 
efficiency in the sham tDCS + rTMS group were signifi-
cantly lower than those in the tDCS + sham rTMS group 
(p < 0.05). At the 3-month follow-up after treatment, the 
total PSQI score, sleep quality, sleep duration, sleep effi-
ciency, and sleep medication in the tDCS + rTMS group 

Table 2  PSQI scores and comparison at baseline, 2 weeks, 4 weeks and 4 months in three groups

PSQI Pittsburgh Sleep Quality Index. F and p for group effects. Significant results are highlighted (p < 0.05) in bold

The data are presented as mean ± standard deviation (SD)

Primary outcomes Baseline 2 weeks 4 weeks 4 months Group F (p value) Time F (p value) Group *Time (p value)

PSQI total score 9.10 (0.000) 853.07 (0.000) 8.18 (0.000)

  tDCS + rTMS 16.20 ± 2.74 7.36 ± 1.61 6.27 ± 2.44 7.02 ± 1.70

  sham tDCS + rTMS 15.90 ± 2.73 8.42 ± 2.70 7.68 ± 2.89 8.12 ± 2.04

  tDCS + sham rTMS 15.78 ± 2.17 9.31 ± 2.28 8.78 ± 2.87 9.16 ± 2.21

Sleep quality 5.92 (0.003) 364.67 (0.000) 8.54 (0.000)

  tDCS + rTMS 2.55 ± 0.50 0.79 ± 0.41 0.78 ± 0.41 0.86 ± 0.40

  sham tDCS + rTMS 2.18 ± 0.83 1.02 ± 0.59 1.00 ± 0.61 1.16 ± 0.51

  tDCS + sham rTMS 2.41 ± 0.57 1.20 ± 0.69 1.16 ± 0.73 1.37 ± 0.63

Sleep latency 1.35 (0.263) 339.10 (0.000) 1.32 (0.269)

  tDCS + rTMS 2.54 ± 0.69 1.00 ± 0.47 0.96 ± 0.42 1.04 ± 0.33

  sham tDCS + rTMS 2.44 ± 0.67 1.22 ± 0.62 1.18 ± 0.56 1.16 ± 0.55

  tDCS + sham rTMS 2.53 ± 0.73 1.18 ± 0.68 1.14 ± 0.69 1.16 ± 0.54

Sleep duration 6.96 (0.001) 292.79 (0.000) 5.48 (0.001)

  tDCS + rTMS 2.14 ± 1.07 0.41 ± 0.50 0.41 ± 0.49 0.80 ± 0.40

  sham tDCS + rTMS 2.50 ± 0.76 0.62 ± 0.81 0.64 ± 0.72 0.78 ± 0.62

  tDCS + sham rTMS 2.20 ± 0.80 1.02 ± 0.88 0.98 ± 0.81 1.14 ± 0.63

Sleep efficiency 23.47 (0.000) 234.17 (0.000) 11.12 (0.000)

  tDCS + rTMS 2.27 ± 0.92 0.61 ± 0.62 0.61 ± 0.59 0.88 ± 0.54

  sham tDCS + rTMS 2.58 ± 0.70 0.76 ± 0.85 0.74 ± 0.75 1.04 ± 0.73

  tDCS + sham rTMS 2.37 ± 0.82 1.59 ± 0.78 1.57 ± 0.70 1.59 ± 0.57

Sleep disturbance 0.30 (0.740) 59.52 (0.000) 1.16 (0.324)

  tDCS + rTMS 1.52 ± 0.60 1.00 ± 0.19 0.96 ± 0.27 1.00 ± 0.33

  sham tDCS + rTMS 1.56 ± 0.76 1.08 ± 0.44 1.06 ± 0.37 1.00 ± 0.35

  tDCS + sham rTMS 1.43 ± 0.50 1.00 ± 0.69 1.00 ± 0.63 1.12 ± 0.52

Sleep medication 1.45(0.239) 91.28 (0.000) 4.39 (0.002)

  tDCS + rTMS 2.63 ± 0.95 2.73 ± 0.62 1.70 ± 0.99 1.48 ± 0.50

  sham tDCS + rTMS 2.38 ± 1.16 2.78 ± 0.55 2.06 ± 0.79 1.72 ± 0.45

  tDCS + sham rTMS 2.67 ± 0.55 2.55 ± 0.58 2.20 ± 0.78 1.75 ± 0.44

Daytime dysfunction 2.15 (0.120) 208.43 (0.000) 2.55(0.050)

  tDCS + rTMS 2.55 ± 0.89 0.82 ± 0.43 0.84 ± 0.73 0.96 ± 0.33

  sham tDCS + rTMS 2.26 ± 1.07 0.94 ± 0.79 1.00 ± 0.76 1.26 ± 0.44

  tDCS + sham rTMS 2.18 ± 0.82 0.78 ± 0.64 0.75 ± 0.59 1.04 ± 0.34
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were significantly lower than those in the tDCS + sham 
rTMS group (p < 0.05). The total PSQI score, sleep medi-
cation, and daytime dysfunction in the tDCS + rTMS 
group were significantly lower than those in the sham 
tDCS + rTMS group (p < 0.05). The total PSQI score, 
sleep duration, sleep efficiency, and daytime dysfunction 
in the sham tDCS + rTMS group were significantly lower 
than those in the tDCS + sham rTMS group (p < 0.05).

Random-effects mixed-model analysis showed that 
the tDCS + rTMS group had a significantly reduced total 
PSQI score (tDCS + rTMS, 9.21 vs. sham tDCS + rTMS, 
10.03; difference − 1.10; 95%CI − 1.82 to − 0.38; p = 0.003; 
tDCS + rTMS, 9.21 vs. tDCS + sham rTMS, 10.76; dif-
ference − 2.14; 95% CI − 2.90 to − 1.38; p < 0.001; sham 
tDCS + rTMS, 10.03 vs. tDCS + sham rTMS, 10.76; differ-
ence − 1.04; 95% CI − 1.82 to − 0.26; p = 0.010) (Table  3). 

Fig. 3  A–H Changes in total PSQI and factor scores after three different treatment modalities in patients with chronic insomnia at 2 weeks, 4 weeks, 
and 3 months after treatment. * P < 0.05, ** P < 0.01, *** P < 0.001, tDCS + rTMS group vs sham tDCS + rTMS group; # P < 0.05, ## P < 0.01, ### P < 0.001, 
tDCS + rTMS group vs tDCS + sham rTMS group; & P < 0.05, && P < 0.01, &&& P < 0.001, sham tDCS + rTMS group vs tDCS + sham rTMS group; ns, 
no significant difference. PSQI, Pittsburgh Sleep Quality Index

Table 3  Mixed-model results, including mean estimate under each treatment, the difference of treatments (tDCS + rTMS vs. sham 
tDCS + rTMS vs. tDCS + sham rTMS), effect size and significance level

PSQI Pittsburgh Sleep Quality Index, CI confidence interval

Treatment A = tDCS + rTMS group, Treatment B = sham tDCS + rTMS group, Treatment C = tDCS + sham rTMS group
a Means adjusted for sequence and period
b Cohens d effect size

Primary 
outcomes

Adjusted mean (95% CI)a Treatment effect estimate (95% CI) Effect sizeb (p value)

Treatment 
A

Treatment B Treatment C Treatment A 
vs C

Treatment B 
vs C

Treatment 
A vs B

Treatment 
A vs C

Treatment 
B vs C

Treatment A 
vs B

PSQI total 
score

9.21 (8.71 
to 9.71)

10.03 (9.51 
to 10.56)

10.76 (10.24 
to 11.28)

 − 2.14 (− 2.90 
to − 1.38)

 − 1.04 (− 1.82 
to − 0.26)

 − 1.10(− 1.82 
to − 0.38)

 − 0.82 
(0.000)

 − 0.39 
(0.010)

 − 0.44 (0.003)

Sleep quality 1.25 (1.13 
to 1.36)

1.34 (1.22 
to 1.46)

1.53 (1.41 
to 1.66)

 − 0.52 (− 0.71 
to − 0.32)

 − 0.21 (− 0.42 
to − 0.01)

 − 0.30(− 0.48 
to − 0.13)

 − 0.66 
(0.000)

 − 0.44 
(0.041)

 − 0.21 (0.001)

Sleep latency 1.38 (1.27 
to 1.50)

1.50 (1.38 
to 1.62)

1.50 (1.38 
to 1.62)

 − 0.121 
(− 0.30 
to − 0.06)

 − 0.003 
(− 0.19 
to 0.19)

 − 0.12(− 0.30 
to − 0.05)

 − 0.27 
(0.194)

0.00 (0.974)  − 0.27 (0.155)

Sleep dura-
tion

0.94 (0.80 
to 1.09)

1.14 (0.98 
to 1.29)

1.33 (1.18 
to 1.48)

 − 0.33 (− 0.55 
to − 0.12)

 − 0.36 (− 0.58 
to − 0.14)

0.02(− 0.17 
to 0.22)

 − 0.72 
(0.002)

 − 0.36 
(0.001)

 − 0.36 (0.814)

Sleep effi-
ciency

1.09 (0.95 
to 1.23)

1.28 (1.13 
to 1.43)

1.78 (1.63 
to 1.93)

 − 0.71 (− 0.95 
to − 0.48)

 − 0.55 (− 0.79 
to − 0.31)

 − 0.17(− 0.41 
to 0.08)

 − 1.30 
(0.000)

 − 0.94 
(0.000)

 − 0.35 (0.185)

Sleep distur-
bance

1.12 (1.02 
to 1.22)

1.18 (1.07 
to 1.28)

1.15 (1.04 
to 1.24)

 − 0.12 (− 0.27 
to − 0.04)

 − 0.12 (− 0.28 
to − 0.04)

0.00(− 0.20 
to 0.20)

 − 0.05 
(0.136)

0.10 (0.147)  − 0.15 (1.000)

Sleep medi-
cation

2.13 (2.01 
to 2.26)

2.24 (2.10 
to 2.37)

2.29 (2.16 
to 2.42)

 − 0.26 (− 0.44 
to − 0.08)

 − 0.03 (− 0.21 
to − 0.16)

 − 0.24(− 0.42 
to − 0.05)

 − 0.32 
(0.004)

 − 0.11 
(0.788)

 − 0.21 (0.013)

Daytime 
dysfunction

1.30 (1.18 
to 1.41)

1.37 (1.24 
to 1.49)

1.19 (1.07 
to 1.31)

 − 0.07 (− 0.22 
to 0.07)

0.22 (0.07 
to 0.37)

 − 0.30(− 0.44 
to − 0.15)

0.25 (0.301) 0.41 (0.003)  − 0.16 (0.000)
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The tDCS + rTMS group had significantly reduced sleep 
quality (tDCS + rTMS, 1.25 vs. sham tDCS + rTMS, 
1.34; difference − 0.30; 95% CI − 0.48 to − 0.13; p = 0.001; 
tDCS + rTMS, 1.25 vs. tDCS + sham rTMS, 1.53; dif-
ference − 0.52; 95%CI − 0.71 to − 0.32; p < 0.001; sham 
tDCS + rTMS, 1.34 vs. tDCS + sham rTMS, 1.53; dif-
ference − 0.21; 95%CI − 0.42 to -0.01; p = 0.041). The 
tDCS + rTMS group had significantly reduced sleep 
duration (tDCS + rTMS, 0.94 vs. tDCS + sham rTMS, 
1.33; difference − 0.33; 95%CI − 0.55 to − 0.12; p = 0.002; 
sham tDCS + rTMS, 1.14 vs. tDCS + sham rTMS, 1.33; 
difference − 0.36; 95%CI − 0.58 to − 0.14; p = 0.001). The 
tDCS + rTMS group had significantly reduced sleep effi-
ciency (tDCS + rTMS, 1.09 vs. tDCS + sham rTMS, 1.78; 
difference − 0.71; 95%CI − 0.95 to − 0.48; p < 0.001; sham 
tDCS + rTMS, 1.28 vs. tDCS + sham rTMS, 1.78; dif-
ference − 0.55; 95%CI − 0.79 to − 0.31; p < 0.001). The 
tDCS + rTMS group had significantly reduced sleep med-
ication usage (tDCS + rTMS, 2.13 vs. sham tDCS + rTMS, 
2.24; difference − 0.24; 95%CI − 0.42 to − 0.05; p = 0.013; 
tDCS + rTMS, 2.13 vs. tDCS + sham rTMS, 2.29; dif-
ference − 0.26; 95%CI − 0.44 to − 0.08; p = 0.004). The 
tDCS + rTMS group had significantly reduced daytime 
dysfunction (tDCS + rTMS, 1.30 vs. tDCS + sham rTMS, 
1.19; difference − 0.30; 95%CI − 0.44 to − 0.15; p < 0.001; 
sham tDCS + rTMS, 1.37 vs. tDCS + sham rTMS, 1.19; 
difference 0.22; 95%CI 0.07 to 0.37; p = 0.003).

The remission and response rates of each of the 
three groups after 2  weeks, 4  weeks, and 3  months of 
treatment are shown in Table  4. Chi-squared analy-
sis showed a significant difference in the response rates 
of the three groups at 2  weeks (χ2 = 22.507, p < 0.001). 
The tDCS + rTMS group had the highest response rate 
(53.57%, 30/56) compared to the sham tDCS + rTMS 
(34.00%, 17/50) and tDCS + sham rTMS groups 
(21.57%, 11/51). The tDCS + rTMS group had the high-
est remission rate (12.5%, 7/56), followed by the sham 

tDCS + rTMS (8.00%, 4/50) and tDCS + sham rTMS 
groups (3.92%, 2/51). However, there was no significant 
difference in remission rates among the three groups 
(χ2 = 5.378, p = 0.068). After 4 weeks of intervention, the 
highest remission rate (46.43%, 26/56) and response rate 
(64.29%, 36/56) were found in the tDCS + rTMS group, 
followed by the sham tDCS + rTMS (30.00%, 15/50; 
44.00%, 22/50) and tDCS + sham rTMS groups (21.57%, 
11/51; 27.45%, 14/51), with a significant difference among 
the three groups in remission rate (χ2 = 13.579, p = 0.001) 
and response rate (χ2 = 27.717, p < 0.001). Follow-up 
3 months after the end of treatment showed the highest 
response rate in the tDCS + rTMS group (42.86%, 24/56), 
followed by the sham tDCS + rTMS (36.00%, 18/50) and 
tDCS + sham rTMS groups (23.53%, 12/51), with a sig-
nificant difference between groups (χ2 = 8.191, p = 0.017). 
The tDCS + rTMS group had the highest remission rate 
(19.64%, 11/56), followed by the sham tDCS + rTMS 
(14.00%, 7/50) and tDCS + sham rTMS groups (9.80%, 
5/51). However, there was no significant difference in 
remission rates among groups (χ2 = 4.048, p = 0.132).

Secondary outcomes
Longitudinal changes in anxiety and depression sever-
ity over 4 weeks in the three groups were revealed by the 
total score and scores for each factor of the HAMA and 
HAMD, as shown in Fig. 4. One-way ANOVA was per-
formed on the HAMA total score and factor delta scores 
before and after treatment among the three treatment 
groups, yielding results indicating no significant differ-
ences among the three groups (p > 0.05). Subsequently, a 
one-way ANOVA was conducted on the total score and 
factor scores of the HAMD to determine the differences 
among the three treatment groups. The results showed a 
significant difference in the total HAMD score (F = 4.490, 
p = 0.013) and insomnia (F = 10.068, p < 0.001) among the 
three groups, whereas there was no significant difference 

Table 4  Remission and response rates at 2 weeks, 4 weeks and 4 months in each group

Response was defined as the percentage of those with at least a 50% reduction in the PSQI total score from baseline. Remission was defined as a PSQI total score < 5. 
PSQI Pittsburgh Sleep Quality Index, χ2 and p for group effects. Significant results are highlighted (p < 0.05) in bold

tDCS + rTMS Group 
(n = 56)

sham tDCS + rTMS Group 
(n = 50)

tDCS + sham rTMS Group 
(n = 51)

χ2 p value

Remission %(n)

  2 weeks 12.50% (7) 8.00% (4) 3.92% (2) 5.378 0.068

  4 weeks 46.43% (26) 30.00% (15) 21.57% (11) 13.579 0.001
  4 months 19.64% (11) 14.00% (7) 9.80% (5) 4.048 0.132

Response %(n)

  2 weeks 53.57% (30) 34.00% (17) 21.57% (11) 22.507  < 0.001
  4 weeks 64.29% (36) 44.00% (22) 27.45% (14) 27.717  < 0.001
  4 months 42.86% (24) 36.00% (18) 23.53% (12) 8.191 0.017
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in the other three items of HAMD. The results of a fur-
ther two-by-two comparison are shown that the total 
HAMD and insomnia factor scores of the tDCS + rTMS 
treatment group were significantly lower than those of 
the other two groups (p < 0.05).

Adverse events and safety
After 20 interventions, all patients reported that the ses-
sions were well-tolerated. The most significant adverse 
symptoms were mild skin redness in two patients, mild 
pruritus in one patient, and transient headache in three 
patients in the tDCS + rTMS group. The most signifi-
cant adverse symptoms were transient headache in three 
patients in the sham tDCS + rTMS group. The most 
significant adverse symptoms were mild skin redness 
in two patients and mild pruritus in two patients in the 
tDCS + sham rTMS group (Additional file  1: Table  S1). 

However, the above symptoms were quickly relieved after 
a single treatment; the pain disappeared after 20 min and 
did not persist during the subsequent treatment period. 
Importantly, none of the patients reported adverse events 
such as seizures, mania, dizziness, or nausea.

Integrity of blinding
Patients were asked if they knew which type of stimuli 
they received during the treatment. In total, 89.29% 
(50/56) of patients in the tDCS + rTMS group, 86.00% 
(43/50) in the sham tDCS + rTMS group, and 86.27% 
(44/51) in the tDCS + sham rTMS group believed that 
they had received the actual stimulus and felt improved. 
The chi-squared test showed there was no significant 
difference between the three groups in the proportion 
of patients who correctly guessed which stimulus they 
received (χ2 = 0.323, p = 0.851).

Fig. 4  A–H Changes in total and factor scores on the HAMA scale as well as the HAMD scale at baseline and after 20 treatments in patients 
with chronic insomnia after three different treatment modalities in three groups, as well as two-by-two comparisons after 20 treatments. * P < 0.05, 
** P < 0.01, *** P < 0.001; ns, no significant difference. HAMA, Pittsburgh Sleep Quality Index. HAMD, Hamilton Depression Scale. HAMA, Hamilton 
Anxiety Scale
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Discussion
This study examined the safety, feasibility, and efficacy of 
combining tDCS with rTMS in comparison with mono-
therapy for treating chronic insomnia in adult patients. 
The study involved 20 sessions of different neurother-
apy protocols delivered over 4 consecutive weeks. Par-
ticipants in the tDCS + rTMS treatment group showed 
significantly improved sleep status after 2 weeks of inter-
vention compared to baseline. This improvement was sus-
tained, with a further significant decrease in sleep scores 
observed after 4  weeks of intervention. At the 3-month 
follow-up after the end of treatment, it was found that 
the combination therapy group performed significantly 
better than the other two groups in terms of treatment 
continuity. These findings indicate that tDCS + rTMS 
may offer a rapid and effective approach to improving 
insomnia. Simultaneously, analysis of the response rate, 
remission rate, and changes in the scores of PSQI sub-
items revealed a more significant therapeutic effect for 
the rTMS + tDCS treatment compared to the other two 
treatments. All indices consistently showed better effects 
in the group which underwent the combined treatment. 
Meanwhile, the combined tDCS + rTMS regimen group 
did not report more side effects, compared with the sham 
tDCS + rTMS and tDCS + sham rTMS groups. This indi-
cates that the combined treatment regimen was well-tol-
erated and safe.

The results of this study showed that among the three 
groups, the tDCS + rTMS group had the highest response 
rate at the end of the 2-week intervention, which was 
significantly higher than that of the other two groups. 
This indicates that tDCS + rTMS effectively improved 
patients’ sleep. However, there was no difference in the 
remission rate among the three groups at the end of the 
2-week period. This indicates that compared to the base-
line, patients’ sleep scores had significantly decreased but 
had not yet reached the level of the normal population. 
Subsequently, at the end of the 4-week intervention, the 
tDCS + rTMS group continued to demonstrate the high-
est response and remission rates, both of which were 
significantly higher than those of the other two groups. 
This indicates the significantly better treatment effect of 
the combined intervention, which embodied the rapid 
and effective enhancement in patients’ sleep with chronic 
insomnia. The follow-up after 3  months of intervention 
showed that the persistence of treatment effects was 
more pronounced in the combination therapy group, 
which may be attributed to the comprehensive effect of 
the treatment plan, emphasising the potential advantages 
of the combination therapy strategy in improving treat-
ment stability and long-term benefits. Further analy-
sis revealed significant improvements in the PSQI total 
and sub-item scores, as well as in the total HAMD and 

sleep factor scores. Comparison among groups revealed 
that the combined treatment regimen of tDCS + rTMS 
showed more pronounced efficacy. It outperformed the 
other two treatment regimens in two aspects: PSQI total 
score and sleep duration. Additionally, it outperformed 
the tDCS + sham rTMS regimen in terms of sleep qual-
ity and sleep efficiency. Simultaneously, the combined 
tDCS + rTMS regimen was also significantly better than 
the other two regimens in two aspects: HAMD total 
score and sleep factor score. This suggests that tDCS 
combined with rTMS treatment could achieve a more 
obvious improvement in sleep quality during the same 
period, which could help accelerate the treatment of 
chronic insomnia.

We excluded participants with psychiatric disorders by 
strictly following the diagnostic criteria of the M.I.N.I. 
Although the HAM-D and HAM-A scores are relatively 
high, these scales do not have diagnostic functions and 
are only used to assess the severity of emotional and 
anxiety symptoms. All participants were not diagnosed 
with psychiatric disorders, despite the possibility of emo-
tional and anxiety symptoms. Studies have shown that 
depressive or anxiety symptoms are common in patients 
with insomnia, especially in patients with long-term 
chronic insomnia [33]. It is possible that high HAM-D 
and HAM-A scores may occur owing to obvious depres-
sion or anxiety symptoms caused by long-term insomnia 
before seeking medical attention. However, it does not 
mean that these symptoms are independent variables 
affecting the effectiveness of treatment. During data 
analysis, we controlled for these symptoms to ensure the 
independence and reliability of the effects of the three 
neurotherapy regimens. The results showed that neuro-
therapy with different regimens significantly improved 
chronic insomnia symptoms, whereas the presence of 
emotional and anxiety symptoms did not significantly 
affect the statistical and clinical significance of the inter-
vention effect, indicating that despite the high scores of 
HAM-D and HAM-A, the main conclusions of the study 
are still valid.

Further subgroup analyses of gender and age revealed 
that sleep quality was more likely to be affected by 
neurotherapy in men than in women. At the 2-week, 
4-week, and 3-month follow-up after treatment, the 
total PSQI score was significantly improved in the 
male tDCS + rTMS group compared to the female 
group. A previous study showed that male participants 
responded to rTMS treatment for insomnia more than 
female subjects as measured by the PSQI [34]. Another 
study evaluating sleep depth after tDCS treatment in 
student athletes with subclinical sleep disorders showed 
the effectiveness of tDCS in increasing total sleep time 
after treatment in males but not in females, as measured 
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by polysomnography [35]. The similar phenomenon 
was also demonstrated in our study, which may be due 
to differences in cortical excitability, neurotransmitter 
systems, and brain connectivity patterns between males 
and females, resulting in different responses to neuro-
modulation techniques. In addition, fluctuating hor-
mone levels in females, especially hormonal changes 
associated with the menstrual cycle, pregnancy, and 
menopause, may further affect the response of females 
to tDCS and rTMS [36, 37]. Another important find-
ing of our study is that tDCS + rTMS treatment signifi-
cantly improved sleep quality in patients with insomnia 
under 50  years old. Although tDCS + rTMS signifi-
cantly improved sleep quality in patients over 50 years 
old, this effect was only significant during the treatment 
period and did not persist for 3  months after the end 
of treatment. This is consistent with other findings that 
young people respond more significantly to tDCS and 
rTMS than the elderly, possibly because nervous sys-
tems of young people are easily modulated by external 
stimuli. On the contrary, old adults have low neural 
plasticity and reduced cortical thickness, which may 
decrease the treatment effectiveness [38, 39]. The brain 
undergoes significant structural and functional changes 
with age, which may affect the therapeutic efficacy of 
neuromodulation techniques.

In this study, tDCS combined with rTMS was applied 
for the first time for the treatment of chronic insomnia, 
effectively improving the quality of sleep and achieving 
significant relief from insomnia after 4  weeks of treat-
ment. Some studies have demonstrated the effective-
ness of combination therapies in healthy participants 
and patients with other diseases. For example, in healthy 
participants, high-frequency rTMS stimulation was 
applied to the M1 region of the left primary motor cor-
tex, while cathodal tDCS stimulation was applied to the 
right M1. This approach aimed to elicit inter-hemispheric 
inter-regulatory interactions, inducing neuromodula-
tory effects and thus modulating cortical excitability and 
motor function [40]. Subsequent studies have shown that 
the combination of cathodal tDCS stimulation and low-
frequency rTMS administered simultaneously to the left 
cortex of the right dorsal interosseous muscle of the first 
interosseous muscle resulted in greater suppression of 
motor-evoked potential amplitude than tDCS stimulation 
or rTMS stimulation alone, with a stronger inhibitory 
effect [41]. This further demonstrates that the simulta-
neous application of tDCS and rTMS is more powerful 
in modulating cortical excitability than either tDCS or 
rTMS alone. In another study, the bilateral angular gyrus 
in the combined stimulation group was found to be effec-
tive in improving neuropsychiatric symptoms, cognitive 
function, and sleep quality in patients with Alzheimer’s 

disease, whereas there were no significant changes in the 
tDCS and rTMS groups [42].

tDCS and rTMS have been shown to have individual 
therapeutic effects on insomnia. From a neurophysi-
ological perspective, both tDCS and rTMS can affect 
the electrophysiological activity of neurones and directly 
modulate brain hyperexcitability [10, 11, 16]. From a neu-
rochemical perspective, both tDCS and rTMS improve 
sleep by modulating the concentration or activity of 
5-hydroxytryptamine (5-HT) and gamma-aminobutyric 
acid [43, 44]. Research has shown that, compared with 
healthy participants, patients with insomnia exhibit 
increased cortical excitability, decreased intracortical 
facilitation, and cortical overexcitement in both awake 
and sleeping states [45–47]. Based on these previous 
findings, we further validated that the modulation of 
cortical excitability may be an interesting approach to 
treat insomnia and improve sleep quality in patients with 
other types of clinical disorders with worsening sleep. 
Compared with a single intervention, the combination 
of tDCS and rTMS stimulation resulted in better efficacy 
after the 2-week intervention, significantly improved 
insomnia by week 4, and led to sustained treatment 
effects for 3 months after the end of the intervention. This 
indicates that combination therapy can not only acceler-
ate the relief of insomnia symptoms and achieve faster 
improvement in the short term, but also have long-term 
sustained effects. Patients receiving combination therapy 
received two stimulation types, potentially increasing the 
effective treatment duration through longer stimulation 
times, more types, and targeting more stimulation sites 
in a single session.

Another possible reason for the improvement in 
insomnia may be the pretreatment effect of tDCS. In 
this study, our treatment plan involved patients receiving 
tDCS before rTMS treatment. This approach considered 
the distinct working mechanisms and principles of each 
technique. tDCS not only affects the electrophysiologi-
cal activity state of neurones to change the excitability of 
the cerebral cortex but also has an effect on the concen-
tration of neurochemical transmitters. It can effectively 
promote the release of 5-HT and β-endorphin in the 
body, alleviating stress and promoting relaxation, which 
can improve the symptoms of insomnia [48]. rTMS can 
directly hyperpolarise neurones in the DLPFC through 
pulsed magnetic fields. This can induce neurones to pro-
duce an LTP/LTD effect, altering brain plasticity and 
further inhibiting the over-excitation (hyperarousal) 
state of the cerebral cortex [49]. Therefore, the treatment 
sequence involved cathodal tDCS stimulation of the right 
DLPFC first, inducing hyperpolarisation of right DLPFC 
neurones and reducing cortical excitability. Subsequently, 
patients received low-frequency rTMS stimulation of the 
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same area, leading to more lasting inhibition of hyperex-
citability and neuroplasticity changes in the cerebral cor-
tex. One study found that the interaction between tDCS 
and rTMS follows an internal steady-state mechanism 
[50], indicating that the pretreatment effect of tDCS is 
not simply a cumulative effect. In this study, the pretreat-
ment of the tDCS cathode to the right DLPFC resulted in 
a better effect of rTMS, which led to a more pronounced 
improvement of insomnia symptoms. However, it is 
unclear whether the pretreatment effect of tDCS on the 
DLPFC follows the same homeostatic mechanism, and 
further studies are needed.

Participants were treated with zopiclone through-
out the trial. The goal of our trial was to investigate the 
changes in the efficacy of different neurotherapy regi-
mens for patients with chronic insomnia under medi-
cation conditions. We chose participants who had 
long-term chronic insomnia, these patients who were 
already taking sedative hypnotics for a long period of 
time at the time of their visit, and different hypnotic 
medications have different therapeutic effects. In order to 
avoid differences due to medication, as well as to main-
tain the compliance of patient, we allowed patients to 
take the same hypnotic medication (zopiclone) through-
out the study. Despite zopiclone may have the potential 
impact on the outcomes, the medication use was bal-
anced and uniformed among different groups, with no 
statistical differences. Therefore, the overall trend and 
main conclusions of the study remain statistically signifi-
cant and valuable for exploration.

We have chosen tDCS and TMS schemes based on 
many previous literatures. tDCS and rTMS stand for 
electrical and magnetic stimulation, respectively. In addi-
tion, tDCS and rTMS not only have high safety and good 
clinical popularity, but also improve insomnia symptoms 
and sleep disturbances across different types of neu-
rological and neuropsychiatric diseases [51]. Previous 
studies have confirmed that the selected tDCS protocol 
could effectively improve the sleep status of patients with 
depression and insomnia [52]. Moreover, it was demon-
strated that the applying of TMS protocol could produce 
significant therapeutic effects on patients with chronic 
insomnia [44, 53, 54]. Our previous study showed that 
the combination of these two specific tDCS and TMS 
protocols had significant therapeutic effects, thus pro-
viding a theoretical and empirical basis for our selection 
[55]. Furthermore, these protocols have been proven to 
be safe in many clinical trials with fewer side effects and 
better tolerability among participants, which ensures 
successful of trials and safety of participants. Meanwhile, 
these two specific tDCS and TMS protocols are available 
and easy to implement in our research facility, ensuring 
the operability of the study and the reliability of the data.

Although two neurotherapy methods were used in 
this study, the results did not show any serious adverse 
events. The main adverse symptoms after the interven-
tion were mild skin irritation, itching, redness, swell-
ing, and transient headache, which may be related to the 
stimulation site and the somatosensory system. Impor-
tantly, none of the patients experienced seizures or manic 
symptoms. Overall, 95.7% of the participants completed 
the experiment, indicating that tDCS combined with 
rTMS had good tolerance and safety.

This study has some limitations. First, objective meas-
urements of sleep parameters, such as polysomnography 
and other techniques, were not performed. Second, all 
participants were treated with zopiclone during the trial. 
Although zopiclone is safe and commonly used in clini-
cal practice, its sedative and hypnotic effects may affect 
the cognitive function and behavioural performance of 
participants, which might have an impact on our find-
ings. In the further study, it is suggested to use a control 
group design, and to compare the differences of out-
comes between participants with and without zopiclone 
treatment to improve the reliability and effectiveness of 
the results. Third, future research can be further refined 
by grouping and analysing symptoms of depression and 
anxiety to different degrees, to verify the specific impact 
of these symptoms on intervention effectiveness. Fourth, 
it might be subjective and unreliable to record side effects 
by using open-ended questions at the end of the trial. 
Therefore, in future research, we will introduce stand-
ardised side effects scales and perform regular evalua-
tion and objective measurement. Such improvements 
will help to evaluate side effects systematically and objec-
tively, ensuring the reliability and integrity of data.

Conclusions
In summary, this study provides evidence that tDCS 
combined with rTMS effectively relieves chronic insom-
nia symptoms in adults. Notably, the intervention led to 
a significant therapeutic effect after just 2 weeks, demon-
strating the rapid and effective augmentation of this com-
bination therapy. In the later follow-up, the durability of 
the treatment effect was also demonstrated, emphasis-
ing the advantages of combination therapy in improv-
ing treatment stability and long-term benefits. These 
findings suggest that the tDCS and rTMS regimen may 
be a safe and effective method for treating adult patients 
with chronic insomnia. Further research is encouraged to 
explore how tDCS and rTMS improve sleep quality using 
objective tools to definitely evaluate their efficacy. Addi-
tionally, investigating the underlying mechanism through 
neuroelectrophysiological methods could provide valu-
able insights into how this treatment works for insomnia.
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